In a previous paper (18) van Gylswyk described a ruminal bacterium, Succiniclasticum ruminis, which grew only on succinate (a variety of substrates were tested). It was isolated from the rumen of a cow fed a production ration containing grass silage as the main roughage source. The search for succinatefermenting rumen bacteria was continued, and a culture of gram-negative curved rods was obtained from a colony that developed on succinate agar medium inoculated with ingesta from the rumen of a cow on pasture. The culture fermented carbohydrate as well as succinate. Reisolation from this culture yielded only colonies of a bacterium that fermented carbohydrate but not succinate. This bacterium was characterized and named Pseudobutyrivibrio ruminis (19) . It was suspected that the culture from which Pseudobutyrivibrio ruminis was isolated also contained a succinate-fermenting bacterium with morphology (gram-negative curved rods) similar to that of the non-succinate-fermenting bacterium. In this paper we describe four strains of a bacterium with such a morphology which is highly specific for succinate as a growth substrate. We propose that these strains should be named Schwartzia succinivorans gen. nov., sp. nov.
MATERIALS AND METHODS
Isolation. The composition of basal medium has been described previously (18) . Medium containing rumen fluid (40%) and agar (2%) was preincubated at 39°C for 1 week (2), after which succinate (0.5%), NaHCO,, and a reducing agent solution (cysteine plus sodium sulfide) were added; the medium was then sterilized. Yeast extract was not included. Portions (0.5 ml) of dilutions of samples of homogenized rumen ingesta from each of six cows on pasture were injected into sterile, C0,-purged roll bottles (three roll bottles per sample). Then 2.5-ml portions of molten (47°C) preincubated succinate agar medium were injected into the roll bottles. The roll bottles were incubated for 5 days. Colonies were then counted, but very small colonies were ignored. After counting, colonies were picked for microscopic examination. In addition, a number of colonies were picked for culturing and stabbed into agar slopes containing succinate (1%) and yeast extract (0.5%). After growth for 1 day the slopes were stored at ca. -80°C. Bacteria were subsequently reisolated from colonies that de-* Corresponding author.
t Retired 31 July 1996. veloped in roll bottles containing agar medium supplemented with 1% succinate and 0.25% yeast extract. The reisolated bacteria were examined for the ability to grow on succinate in basal medium containing 40% clarified rumen fluid and 0.5% yeast extract with or without 1% succinate by monitoring changes in optical density.
Characterization tests. The characterization tests and media used for these tests have been described previously (18) . Modifications are described below; any other changes are mentioned where appropriate. Yeast extract was included in media at a concentration of 0.2%. The ability to ferment carbohydrates (1%) was assessed by measuring the change in pH of poorly buffered medium which was prepared with one-fifth the concentration of NaHCO, in basal medium and whose pH was adjusted to 6.8. 0,-free N, was used instead of CO,. The period of incubation was at least 1 week. The ability to ferment the Na salts of acid substrates (30 mM), as well as glycerol (40 mM), was measured by determining the change in optical density at 600 nm over a period of at least 24 h. All of the substrates except succinate, which was heat sterilized, were added to sterile media as concentrated, filter-sterilized solutions. The medium used for H2S production contained 30 g of SIM medium (Difco) per liter. Proteolytic activity was assessed by determining the ability to liquefy gelatin. Flagella were observed microscopically after Leifson staining (5) . G + C content of the DNA. Bacterial cells for determining the G + C content of the DNA were grown in basal medium containing 80 mM succinate. The cells were lysed with sodium dodecyl sulfate (8), the DNA was isolated and purified (9) , and the G + C content was estimated from the ratio of&, toA,,, (17) . The calibration standards were DNAs from Escherichia coli B, Micrococcus luteus, and calf thymus (all obtained from Sigma).
Cellular fatty acid analysis. Each of the strains was grown in 300 ml of 40% rumen fluid medium containing 10 g of sodium succinate 6 H 2 0 per liter and 2 g of yeast extract per liter. Each preparation was inoculated with 5 ml of an actively growing culture and incubated for 24 h at 37°C. The cells were harvested by centrifugation and washed twice with a 1% NaCl solution. The cellular fatty acids were determined as described previously (19) .
16s rDNA sequence determination. The 16s ribosomal DNA (rDNA) was amplified from genomic DNA as described previously (12) . Purified PCR products were sequenced by using a Tuq DyeDeoxy terminator cycle sequencing kit (Applied Biosystems, Foster City, Calif.) according to the manufacturer's protocol. An Applied Biosystems model 373A DNA sequencer was used for electrophoresis of the sequence reaction mixtures.
16s rDNA sequence analysis. The 16s rDNA sequences determined in this study were manually aligned with the sequences of representative clostridia and related taxa. Evolutionary distances were calculated by using the method of Jukes and Cantor (7) . The neighbor-joining method (13) was used to reconstruct a phylogenetic dendrogram from distance matrices.
Nucleotide sequence accession number. The nucleotide sequence of strain S1-lT (T = type strain) has been deposited in the EMBL database under accession number Y09434. 
RESULTS AND DISCUSSION
Isolation. Counts of colonies on preincubated succinate agar medium gave mean estimates of 2.5 X los, 2.2 X lo8, and 2.2 X lo8 bacteria per g of rumen ingesta for two cows on pasture receiving no supplementary feed, two cows on pasture supplemented with a coarsely ground concentrate, and two cows on pasture supplemented with a finely ground concentrate mixture, respectively. Sixty colonies were picked nonselectively for microscopic examination; i.e., about 10 colonies for each cow were examined. A total of 43% of these contained gram-negative curved rods. Twenty of the larger colonies were picked for culturing and reisolation; 13 of these colonies comprised gram-negative curved rods, and one resembled Succiniclasticum ruminis (18) . The latter colony together with 11 isolates of curved rods, fermented succinate. Four of the curved rod strains, strains S1-lT, S2-3, S3-2, and S4-2, each of which was obtained from a different cow, were characterized and are described below.
Phenotypic characteristics. The cells of the strains are gramnegative, slightly curved to curved rods with tapered ends (Fig.  1 ). They are motile by means of flagella arising singly or in tufts from about the middle of the concave side of the cells. Spores are not produced. The cell width varies between 0.35 and 0.6 pm, and the cell length varies between 1.6 and 3.3 pm. S shapes (probably two undivided cells) are up to about 5 pm long, while long helical filaments (probably chains of undivided cells) can reach lengths of more than 30 pm.
After molten 40% rumen fluid-0.2% yeast extract-1 % SUCcinate-1.5% agar medium which is cooled to produce slopes is inoculated and incubated for 24 h, surface colonies are up to 0.25 mm in diameter. They are round with smooth edges, colorless, and slightly raised. Submerged colonies are round discs with diameters of about 0.1 mm. After incubation for 48 h, surface colonies have multiple lobes with smooth edges and are up to 5 mm in diameter. Submerged colonies are round discs with smooth edges and are up to 0.3 mm wide.
None of the four strains ferments galactose, glucose, fructose, mannose, arabinose, xylose, cellobiose, maltose, sucrose, glycerol, mannitol, the sodium salts of DL-lactic and pyruvic acids, the disodium salts of oxalic, malic, malonic, methylmalonic, fumaric, oxaloacetic, and glutaric acids, and the trisodium salts of citric, trans-aconitic, and tricarballylic acids. Amino acids and peptides in a medium containing 0.5% acidhydrolyzed casein and 0.5% enzymically hydrolyzed casein do not support growth. Of the substrates tested, only succinate supports growth and is quantitatively converted to propionic acid. Carbon dioxide is probably produced, but this compound was not measured in our analysis. Both rumen fluid and yeast extract are required to obtain good growth on succinate. In medium containing 40 mM succinate, 40% rumen fluid, and 0.2% yeast extract the shortest doubling time estimated from measurements of optical density at 600 nm in tubes having an inside diameter of 13.5 mm is almost 2 h.
Although fumarate does not support growth, it supplies energy for growth when it is supplied together with succinate. The mean maximum optical densities for the four strains in medium containing 40% rumen fluid, 0.2% yeast extract, and 40 mM succinate and in medium containing 40% rumen fluid, 0.2% yeast extract, 40 mM succinate, and 10 mM fumarate were 0.23 and 0.28, respectively. Growth is not inhibited by fumarate when equimolar amounts of fumarate and succinate (40 mM each) are included; however, growth is slower and maximum optical densities are not as high as they are with 80 mM succinate, but they are higher than they are with 60 mM succinate. Malonate does not inhibit growth on succinate at equimolar concentrations (30 mM each).
None of the four strains liquefies gelatin, produces hydrogen sulfide, reduces nitrate, or synthesizes urease or catalase.
Growth in medium prepared under anoxic conditions is similar irrespective of whether a reducing agent (cysteine plus sulfide) is included, but when air (2 ml per 5 ml of medium in 13-ml tubes) is added to medium lacking a reducing agent, little growth occurs. There is no growth at 22"C, but the strains respond differently to incubation at 45°C. The a proximate S3-2 are incubated at 45°C are 0.01, 0.03, 0.08, and 0.14, respectively, compared with optical densities of 0.18 to 0.20 after incubation at 39°C in medium containing 1% (37 mM) succinate.
DNA base composition. The mean G + C content of the DNA is about 46 mol% (46.2 and 46.6 mol% for strain S1-lT and 45.3 and 47.3 mol% for strain S3-2 in separate determinations).
Cellular fatty acids. The major cellular fatty acid components are saturated straight-chain C12:o, C14:o, and C16:o acids, and a straight-chain C,,:, cis7 acid and a CIS:, aldehyde are also present when the organisms are grown in medium containing rumen fluid; iso, anteiso, cyclopropane, and hydroxy fatty acids were not detected (Table 1) .
Phylogenetic analysis. An almost complete 16s rDNA sequence (>95% of the E. coli 16s rDNA sequence) was determined for strain S1-lT. Partial 16s rDNA sequences comprising the 500 bases of the 5' end of the 16s rDNA were determined for the other three strains described in this study. The partial sequences were found to be identical to the strain S1-lT sequence in the region compared, and therefore, these organisms are considered highly related.
When the 16s rDNA sequence of strain S1-lT was compared with all of the 16s rDNA sequences of clostridia and related taxa available, it was most similar to the sequences of Selenomonas species. Strain S1-lT falls in the radiation that includes the genera Selenomonas and Zymophilus (Fig. 2) , a phylogenetic cluster designated cluster IX by Collins et al. (1) . The new bacterium is phylogenetically unrelated to Pseudobutyiivibrio ruminis, which falls in cluster XIVa (19) . The 16s rDNA sequence similarities between strain S1-lT and the Selenomonas and Zymophilus species shown in Fig. 2 range from 87.9 to 89.8%. Strain S1-lT is clearly as phylogenetically distinct from the Selenomonas species as Zymophilus paucivorans is. Bootmaximum optical densities when strains S4-2, S1-1 -P , S2-3, and Differentiation from other taxa. As noted above, the phylogenetic analysis showed that the new bacterium is most closely related to the genera Selenomonas and Zymophilus. Phenotypic similarities are also apparent (Table 2) . However, there are important differences in other characteristics. The new strains do not ferment carbohydrates or any of the other substrates tested except succinate, while most species of the genera Selenomonas, Zymophilus, and Pectinatus (which is more distantly related) do ferment carbohydrates; the only exception is Selenomonas acidaminophila, which ferments lactate, pyruvate, and glutamate (4). Second, members of the genera Pectinatus and Selenomonas, including Selenomonas sputigena, Selenomonas artemidis, Selenomonas dianae, Selenomonasflueggeii, Selenomonas infelix, Selenomonas noxia, Selenomonas ruminantium subsp. ruminantium, and Selenomonas ruminantium subsp. lactilytica (lo), differ markedly from our strains in cellular fatty acid composition, notably in the levels of C,,:, and CI6:, fatty acids and C14:o and C,,:, dimethylacetals (aldehydes) ( Table 1 ). The cellular fatty acid content of the Zymophilus species is not yet known. Third, the G + C contents of the DNAs of the new strains (about 46 mol%) differ from the G + C contents of Zymophilus and Pectinatus species (38 to 41 mol%) and Selenomonas species (48 mol% and higher) ( Table  2) . Although the new bacterium is not phylogenetically closely related to the genus Succiniclasticum, the new bacterium and Succiniclasticum ruminis have a number of phenotypic characteristics in common, especially the use of succinate as the only substrate which is fermented to propionate. However, the new a All taxa are non-spore-forming, mesophilic, strictly anaerobic, gram-negative bacteria.
' A, acetate; P, propionate; L, lactate.
The G + C contents of the DNAs of 11 Selenomonas species range from 48 to 58 mol% (4).
Selenomonas ruminantiurn subsp. lactilytica can produce or ferment lactate.
bacterium differs from Succiniclasticum ruminis in the shape and size of its cells, by its motility by means of lateral flagella, and in DNA G + C content (difference, 7 mol%).
These results, together with the low levels of phylogenetic relatedness to the most closely related genera, led us to the conclusion that our new strains represent a new genus. S-shaped cells and helical filaments up to 30 pm long can be formed. Colonies on succinate agar are colorless and slightly raised with multiple lobes and smooth edges and are up to 5 mm in diameter after 48 h. The optimum temperature for growth is 39"C, and no growth occurs at 22°C and around 45°C. Succinate is fermented with propionate as the only fermentation end product. Rumen fluid and yeast extract are required for good growth. The following carbon sources are not utilized: carbohydrates, glycerol, lactate, pyruvate, oxalate, malate, malonate, methylmalonate, fumarate, oxalacetate, glutarate, citrate, aconitate, tricarballylate, and amino acids and peptides present in acid or enzymic hydrolysates of casein. Tests for catalase, urease, sulfide production, nitrate reduction, and gelatin liquefaction are negative.
The cellular fatty acid composition (means of values obtained for four strains) is as follows: 20% C,,:, aldehyde, 14% C16:1 cis7, 12% CI2:", 9% CI4:", 9% and 9% CI6:".
Branched-chain fatty acids are absent. The G + C content of the DNA is 46 mol% (as determined by UV spectroscopy). Strain S1-1 is the type strain. The four strains examined have been deposited in the Deutsche Sammlung von Mikroorganismen und Zellkulturen under the following accession numbers: strain S1-lT, DSM 10502=; strain S2-3, DSM 10503, strain S3-2, DSM 10504; and strain S4-2, DSM 10505.
Ecological significance. The discovery of a second rumen bacterium highly specific for succinate suggests that succinate breakdown to propionate in the rumen occurs largely in bacteria of this type. These organisms rank with other highly specific bacteria, such as the methanogens, that found particular niches in a very competitive environment. The reason for such an evolutionary direction may lie in the fact that very little energy is derived from succinate decarboxylation (16) . In organisms that are capable of utilizing substrates with higher molar ATP yields the ability to ferment succinate would be of little importance in their energy supply in an environment where carbohydrates dominate and where other breakdown products of ruminant diets, such as lactate and amino acids, provide more energy. Thus, the specific succinate-fermenting organisms are favored because they have an inferior but constant energy source which can be utilized even in the presence of more energy-rich substrates.
Succinate is an important fermentation product of Prevotella ruminicola, which often occurs in its highest numbers among bacteria in the rumen, and is also produced by other species, including the actively cellulose-degrading bacteria Fibrobacter succinogenes and Ruminococcus jlavefaciens. Lactate is at least partially converted to propionate in the rumen, but Hungate (6) summarized results of work which showed that the turnover of succinate far exceeds the turnover of lactate. Thus, specific succinate fermenters could be responsible for the bulk of the propionate produced in the rumen. In the case of ruminants fed a good-quality silage with a high lactate content, the lactate-fermenting bacteria could contribute meaningfully to ruminal propionate production.
Previous work (18) gave no indication of the presence of Schwartzia succinivorans-like bacteria in the rumina of cows feeding on grass silage. Only Succiniclasticum ruminis was found. However, a strain of the latter species was isolated from the rumen of a cow on pasture. The present study shows that although Succiniclusticum ruminis-like bacteria occur in the rumina of cows on pasture, the majority of specific succinatefermenting bacteria resemble Schwartziu succinivoruns. Thus, it appears that the roughage component of the diet influences the occurrence of these two species. There may be other species associated with other diets. The rumen is not the only intestinal habitat colonized by bacteria of this type. The hindgut of the koala (Phuscolurctos s~. )
is also inhabited by such a bacterium (viz. Phuscolurctobucterium fuecium) (3, 11) . It is possible that even more succinate-specific intestinal bacteria will be found.
